Introduction
The seasonal change in the reflectance of landscapes has long been an important area of study in remote sensing. The spectral reflectance of the landscape is often expressed as an algebraic combination of spectral bands called vegetation indices. The most commonly used vegetation index in seasonal studies is the normalized difference vegetation index (NDVI). The pattern of seasonal change of NDVI provides an important description of the vegetation and has been used to describe a variety of landscape features, including vegetation type and productivity.
Landsat data have been used to study the phenology of NDVI. Multitemporal Landsat observations were used to determine vegetation type and productivity for land covers such as crops [Hall and Badwar, 1987; Badwar, 1984] and forests [Blair and Baumgardener, 1977; Badwar et al., 1986] . With a 16-18 day period between observations of a given location, Landsat is not able to generate frequent observations of vegetation seasonality. This weakness has been addressed in a study of the boreal forest by using growing degree days instead of time and combining data from multiple years [Hall et The study of seasonal NDVI data blossomed with the use of data from the advanced very high resolution radiometer (AVHRR) that flies on the National Oceanic and Atmospheric Administration (NOAA) series of satellites. AVHRR observations provide views of the entire land surface of the Earth almost every day. Different vegetation types were found to have characteristic NDVI patterns through the year in the AVHRR data. Justice et al. [1985] used AVHRR data to study the phenology of vegetation in South America, Africa, and southern Asia. Also, monthly NDVI values through the year were summed and compared with existing maps of vegetation patterns. Tucker et al. [1985] While the AVHRR NDVI data have been very useful for the analysis of phenology, there are a number of difficulties in using these data. Some sources of error include cloud contamination and atmospheric aerosols, gases, and water vapor. All of these error sources tend to cause a decrease in the value of NDVI; so to minimize their effect, the AVHRR data are composited by selecting the largest value of NDVI over a selected time period [Holben, 1986] . Generally, the data are composited over periods of 10-30 days. This limits the temporal resolution of the data and causes a bias toward higher values during periods of change, such as the start and end of the growing season [Los et al., 1994; Holben, 1986] . The observations chosen in the compositing process may have varying view and solar angles from pixel to pixel, and these variations can effect the NDVI value [Goward et al., 1991; Goward and Huemmrich, 1992] .
AVHRR data are also difficult to compare with surface observations due to the large pixel size. The observations have, at best, a 1 km resolution. However, because of variations in pixel size from different view angles and uncertainties in locating the multiple pixels in a temporal series the actual resolution may be 3-4 km [Steyaret et al., 1997].
The limitations on both temporal and spatial resolution of satellite observations of phenology make it difficult to compare directly with surface observations of plant processes. There are also few studies that have made frequent surface observations of vegetation reflectance to be able to produce a detailed ground-based NDVI phenology. One of the reasons detailed ground-based NDVI phenologies have not been collected is that most spectroradiometers used in remote sensing field work are not designed to operate automatically and to be exposed to the weather. Thus these observations require personnel to go out and make the measurements, limiting the number of observations that can be collected. In the case of forests there is also the problem of getting the instruments above the canopy. 
The normalized difference vegetation index (NDVI) is defined as NDVI = (PNIR --PV,s)/(PNIR q-PV,s), (])
where Pvis is the reflectance in the visible wavelengths, and PNIR is the reflectance in the near-infrared wavelengths. In this study, measurements of incident and reflected PAR and inci- To evaluate the differences between the broadband NDVI and a typical narrowband NDVI, an analysis was performed using the helicopter-mounted multiband modular radiometer (MMR) data collected over the BOREAS sites [Loechel et al., 1997] . The helicopter made nadir observations of over 60 BOREAS sites, representing the different vegetation cover types found in the study area. These data were collected at solar zenith angles ranging from 32 ø to 62 ø throughout the growing season of 1994. MMR data were reported as reflected radiance and a reflectance for each channel; from these data the incoming irradiances were determined (see Table 1 for bandwidths of each MMR channel). Two different NDVI values were then calculated. The first was the narrowband NDVI (NDVInb) which used reflectances from MMR channels 3 and 4. To calculate a broadband NDVI (NDVIbb), the radiances for channels 1-3 and channels 4-7 were summed. The incoming and reflected multiband radiances were used to calculate Turning from the deciduous fen site to the evergreen young jack pine site, there is again a different NDV! phenology (Figure 5) . Notice that the late-spring snowfall on day 141 (May 21 ) of 1996 showed up as a downward spike, and a similar spike occurred in the data for the nearby fen site (Figure 4) . Also, both sites had a large drop-off following day 285 (October 12). Both of these effects were most likely due to the two sites being hit by the same winter storms. Following the snowmelt, the NDVI curve for the young jack pine site was basically flat. The jack pines went through a seasonal change, but it was very subtle. In 1996 there was a green-up period from days 143 (May 23) to 223 (August 11), where NDVI went from 0.56 to 0.63. After that the NDVI decreased very slightly until day 286 (October 13) when a snowfall caused a large drop.
Although another site dominated by conifers, the old black spruce phenology differs from the young jack pine (Figures 6  and 7) . The black spruce site had a larger seasonal variation in NDVI The NDVI values, generated using micrometeorological instruments, show consistency in day-to-day clear sky observations, as well as in data collected in different years. Within the data, similarities between sites were observed in the response to snow-covered ground. These results suggest that this approach produces a measurement of NDVI that is consistent over time and between sites. The NDVI phenologies produced with this method provide both a spatial and a temporal detail unavailable from satellite data. The BOREAS data show that for four different boreal land cover types, each has a different seasonal NDVI pattern in both shape and midsummer maximum NDV! (Figure 7 ).
Discussion
The detailed NDVI phenologles presented here provide the opportunity to consider some of the causes of the seasonal patterns. Two examples are considered here, one looking at rates of change in leaf area in deciduous sites and the other examining the effects of varying solar zenith angles.
In the deciduous sites the period of most dramatic change is during the spring green-up. In the boreal forest the transition from winter senescence to springtime growth is a critical time. During this period the aspen and fen sites displayed different patterns of NDVI over time. The differences between the sites are clearly visible in the flux tower data, although the details would be smeared out in AVHRR phenologies. The aspen and fen NDVI patterns during green-up suggest different growth strategies for the vegetation of these two sites, one forested and one predominately herbaceous.
One method for exploring the relationship between NDVI and vegetation characteristics is through the use of radiative transfer models. Using the SAIL (scattering from arbitrarily inclined leaves) radiative transfer model the variations in NDVI with leaf area index (LAI) can be calculated [Verhoef, 1984; Goward and Huemmrich, 1992] Figure 10 to be within the range of values from day 165, indicating the large NDVI values were due to the large solar zenith angles at that time of the year. Combining half hourly and daily values can be useful in separating out illumination effects from changes in the landscape, improving the usefulness of these data in detecting biological changes.
The small effect of variation in solar zenith angle on NDVI for a wide range of solar zenith angles at this site suggests that if needed, more daily values could be added to the seasonal curve. Values could be filled in for cloudy days that had been removed by using data collected during clear periods at other times during the day, as long as the solar zenith angle was not too large.
Conclusions
A method was described which can determine NDVI using existing micrometeorological instruments. This technique al- This technique can help to improve understanding of the timing and nature of seasonal and multiyear variations in vegetation. Goulden et al. [1996] note that total seasonal carbon uptake of deciduous forests strongly depends on the timing of leaf out. Attempts to use remotely sensed approaches to accurately determine annual carbon budgets require an understanding of seasonal phenologies with a higher temporal resolution than can be presently provided by satellite data. NDVI from micrometeorological instruments can begin to develop a better understanding of the timing of seasonal vegetation changes. The use of NDVI provides a direct link between surface observations and satellite vegetation index data.
